The effect of collision cascades on preexisting point defects in crystalline materials was studied by simulating 5 keV collision cascades in gold, copper, aluminum, platinum, and silicon. The results indicate that collision cascades do not significantly affect interstitials or vacancies outside the liquid core of the cascade, although in the fcc metals the heating of the crystal due to the cascade causes some thermal migration of the interstitials. Within the liquid cascade core, both interstitials and vacancies move towards the center of the molten region when it resolidifies and recombine or cluster there. At elevated temperatures, random jumps of interstitials during the thermal-spike phase can cause significant additional trapping of interstitials in the liquid. In contrast to the annealing effects of preexisting damage in the fcc metals, in silicon the amount of new damage created by a cascade is roughly independent of the number of initial point defects. The difference is attributed to the nature of the bonding in the materials. ͓S0163-1829͑97͒05729-9͔
I. INTRODUCTION
Ion irradiation methods are of considerable interest in many research and practical applications of materials processing. 1, 2 Since most damage produced in materials during ion irradiation derives from a complex process occurring in collision cascades, much research has been devoted to studying these events. 3, 4 Experimental work has shed some light on this problem; however, owing to the difficulty of resolving defect structures inside materials, these studies have had only limited success. Molecular-dynamics ͑MD͒ computer simulation offers an alternative approach, 3, 4 which has proved successful in providing both a qualitative and quantitative description of damage production in solids ͑see, e.g., Refs. 5-9͒.
In most of the simulation studies performed so far, the initial state of the lattice in which a collision cascade is initiated has been defect free. However, in practice most ion irradiation-induced cascades are produced in regions which have been previously damaged by implanted ions. Therefore, to understand the effect of prolonged implantation on initially crystalline samples, it is important to know how a cascade affects preexisting defects.
Relatively few studies to date have focused on predamaged sample structures. Sayed et al. 10, 11 have studied a few overlapping cascades in Si at energies of the order of a few hundred eV. Gao et al. 12 very recently worked on multiple overlapping 400 eV to 5 keV cascades in ␣-iron ͑a bcc metal͒, and Foreman et al. 13 simulated a few 1 keV cascades in Cu with preexisting features like vacancy and interstitial loops. Kapinos and Bacon have studied the effect of high vacancy concentrations on vacancy loop formation in Cu, Ni, and Fe. 14, 15 Both Gao and Foreman report that the preexisting features may be partly annealed when overlapped by a new cascade, a fact well known from experiment. 16 There has been much speculation about the motion of point defects in the heat spike and pressure wave associated with cascades. 17 However, no systematic investigation of these effects has been carried out by molecular dynamics, which is the focus of this work.
We create the point defects in well-defined distributions and follow their motion during the simulations. Although our damage distributions are artificial, they allow us to systematically probe the effect of cascades on defects at different locations. We focus on two crystalline materials of contrasting properties: gold, a dense material with metallic bonding and close-packed fcc crystal structure, and silicon, a covalently bonded material with the relatively loose-packed diamond structure. We also report on simulations of cascades in copper and aluminum to determine whether the differences are due to the atom mass or crystal structure, and in platinum to determine the effect of the melting point. We believe this choice of materials sets the bounds for possible behavior.
The paper is organized as follows. In Sec. II, we present our simulation procedures in detail. In Sec. III, we first present and discuss the results of our simulations for the five elements separately, and then compare their common features and differences.
II. SIMULATION AND ANALYSIS METHODS

A. General principles
In this study we were primarily interested in elucidating defect reactions in collision cascades. Therefore, we set up our simulation conditions in a manner which can be expected to provide an as clear view of the processes involved as possible. The electronic stopping power is neglected, since it is expected to contribute only little to the slowing down of 5 keV self-ions in the materials treated here. 18 The initial temperature of the simulation cell was 0 K in most runs. Since the interstitial in gold migrates very easily even at low temperatures, 19 ,20 using a 0 K ambient cell temperature is advantageous for clearly distinguishing what part of the defect motion is due to the collision cascade. Experience in the field shows that the initial state of damage production in collision cascades does generally not differ much at temperatures roughly below 100 K, except possibly for lengths of replacement collision sequences, 21 which are few in number and not of interest here.
For a straightforward comparison between the different materials, we used similar simulation conditions for all elements. The computational cells had a size of roughly 120ϫ120ϫ120 Å 3 , and contained about 90 000 atoms, which were initially arranged in the proper crystal structure of the material. Periodic boundary conditions were used, and the temperature of the three outermost atom layers was scaled toward 0 K to dissipate excess energy. The downwards scaling factor of the temperature was restricted to be less than 0.1 during a single time step. A linkcell calculation 22 and variable time step 23 were also employed to speed up the simulations.
The primary set of runs examined interstitial motion. For these, either 50 interstitials and 50 vacancies or only 50 interstitials were introduced in the cell. The number of defects chosen corresponds roughly to the number of Frenkel pairs which can be expected to form from a previous 20-30 keV cascade in the same region. 4 The defects were introduced randomly using a Gaussian probability distribution centered at the middle of the simulation cell for vacancies and centered on a spherical cell 35 Å from the middle for interstitials. The width of the distribution was 18 Å. 24 The runs with these defects distributions are labeled Au 2-5, Si 2-5, Cu 2-3, Al 2-3, and Pt 2-3 in Table I . In other sets of runs, we packed between 20 and 200 defects as close to the cell center as possible ͑Au 6-9͒, placed 50-200 defects uniformly in the simulation cell ͑runs Au 10-15͒ or used elevated temperatures ͑Au 16-20͒.
For all the defect distributions, a minimum distance of 10 Å between defects was used to ensure that defects do not annihilate or form clusters independent of the cascade. Test runs showed this to be important. In all the events, the defects were relaxed for 1 ps before the collision cascade was initiated. In the cases where only interstitials were introduced into the cell, the cell size was relaxed to zero pressure using a pressure control algorithm 25 before the initiation of the cascade.
The collision cascades were initiated by giving one of the atoms in the lattice a recoil energy of 5 keV. We chose the initial recoil atom and its recoil velocity direction so that the center of the resulting collision cascade roughly overlapped the preexisting defect structure in the simulation cell. The evolution of the cascades was followed for 50 ps.
B. Recognition of defects
During some of the cascade simulations for Au and Si, a defect analysis routine was run every 20th time step to recognize and follow the motion of interstitials. An approach inspired by the structure-factor analysis in Ref. 26 was used to recognize interstitials and the liquid region. The structure factor P st is calculated for each atom i,
, where i ( j) is a list of the n nb (n nb Ϫ1)/2 angles formed between atom i and its n nb nearest neighbors. The number n nb is determined from the ideal crystal structure, and is 4 for the diamond structure ͑Si͒ and 12 for the fcc structure ͑Au͒. i p ( j) is the distribution of angles in a perfect lattice and i u ( j)ϭ j/n nb (n nb Ϫ1)/2 the uniform angular distribution. Before doing the sum over the angles the i ( j) lists are sorted by magnitude. 26 By analyzing the structure factor of each atom and its neighbors, combined with a kinetic energy criterion, we were able to recognize interstitials and the liquid region during the simulation.
The motion of interstitials throughout a simulation was followed using an interstitial database which contains histories of all interstitials. When an interstitial structure is recognized during one time step, its position is compared to the position of all interstitial structures recognized during previous time steps. In the new time step, if the new interstitial atom is closer than one lattice constant from one of the previously recognized interstitial structures, it is interpreted to be part of the same interstitial. Otherwise, a new interstitial database entry is created.
The position of each interstitial structure during any given time step is calculated as the average position of all atoms which are part of it. If an interstitial structure becomes part of the liquid zone or has not been seen for at least three interstitial analysis steps, it is discarded from the list of current interstitial structures. Thus, after the simulation the interstitial database will contain information on the positions, lifetime, and movement of all interstitial recognized during the simulation.
Independently of the structure-factor analysis, we performed an analysis of the population of the Wigner-Seitz cell of each perfect lattice atom position for a few time steps in each simulation. Wigner-Seitz cells with more than one atom were interpreted as interstitials and empty cells as vacancies. The numbers of defects obtained for any given time in the Wigner-Seitz and structure-factor methods were in good agreement with each other.
C. Gold
For the MD simulations of gold we employed the gold embedded-atom method ͑EAM͒ potential used previously at this laboratory in studies of collision cascades. 7, 20 The universal repulsive potential 18 has been fitted to the potential to realistically describe strong collisions.
The interstitials introduced into the cell were given the ͑100͒ fcc dumbbell interstitial structure, which is the lowestenergy interstitial of fcc metals. 19 This interstitial is known to migrate very easily. Experimentally no determination of the migration energy in gold has been achieved. 19 The EAM potential predicts a migration energy of 0.06 eV, 20 which is realistic for high-temperature migration where quantum effects are no longer important.
In the automatic interstitial recognition procedure, we evaluated the structure factor P st for the 12 nearest neighbors of each atom. We found that different values of P st could be used to distinguish between crystalline atoms, interstitials, and liquid atoms. By comparing the P st analysis to visual inspection of moving defects, we ensured that the analysis did not lose track of moving interstitials and fine-tuned the recognition criteria to recognize interstitials even in intermediate configurations during migration.
We performed four simulations of 5 keV recoil events in which our interstitial analysis method was used: a reference run in an undamaged gold crystal, two simulations with 50 interstitials and 50 vacancies, and one with only 50 interstitials. Figure 1 shows the initial and final distributions of vacancies and interstitials as a function of the distance from the cell center, summed over the three cascade events.
D. Silicon
For realistic MD simulation of covalently bonded materials like silicon, it is important to use an interatomic potential which adequately describes the bonding interactions in the material. We used the Tersoff (C) three-body interatomic potential which gives a good description of several properties of Si, including the different bonding types and elastic moduli. 27, 28 The potential also gives a reasonable description of point defect energies, although the order of the point defect energies is not correct. 28, 29 Since we are primarily interested in the possibility of defect motion, the migration energies of point defects are more significant in any case than their equilibrium structure. Experimental and densityfunctional results suggest the vacancy migration energy is ϳ0.3 eV. 30, 31 Recent tight-binding molecular-dynamics results give a migration energy of 1.4 eV for the dumbbell interstitial 32 ͑however, in real Si the interstitial migration may be enhanced by defect charge state processes 30 ͒. For the Tersoff potential, many different values for the interstitial and vacancy migration energies have been reported in the literature, probably due to the difficulty of recognizing the lowest-energy migration path. 28, 33, 34 For the vacancy, the lowest migration activation energy calculated for an actual migration path is 1.6 eV, 33 and for the tetrahedral interstitial 1.1 eV. 34 Thus, it appears that the Tersoff potential clearly overestimates the vacancy migration energy, but gives a fairly reasonable value for interstitials.
Frequently, the high melting point predicted by the Tersoff potential is used as an argument against its suitability for collision cascade studies. However, using a new reliable approach to calculate the melting point 35 we obtained a value of 2300Ϯ100 K, which is much less than the conventionally cited value of 3000 K ͑Refs. 27 and 28͒ and in better agree- ment with the experimental value 1685 K. 36 Details of this calculation will be given elsewhere. 37 A short-range repulsive part of the potential was determined from density-functional theory calculations. 38, 39 It was smoothly fitted to the Tersoff potential using a Fermi function F(r)ϭ(1ϩe Ϫb f (rϪr f ) ) Ϫ1 with the values 12 Å Ϫ1 and 1.6 Å for b f and r f , respectively. 40 These values provide a smooth fit between the two potentials both between two atoms in a dimer and two nearby atoms in bulk silicon.
The point defect recognition procedure in silicon was similar to the one used in gold. The P st structure factor was evaluated for the four nearest neighbors of each atom, and used to recognize both interstitials and vacancies. Liquid atoms were recognized using a combined P st and kinetic energy criterion.
We carried out 5 simulations for silicon; one reference run with no initial defects, one run with 50 initial interstitials, and three with 50 initial interstitials and 50 initial vacancies.
E. Copper, aluminum, and platinum
For copper, aluminum, and platinum we employed EAM potentials 41, 42 onto which the universal repulsive potential 18 had been fitted to realistically describe strong collisions. 26 We carried out 3 simulations for these metals, 1 without initial defects and 2 with 50 initial interstitials and vacancies. The initial defect distributions were the same as for the gold simulations. The analysis of defects was performed with the Wigner-Seitz method for about 20 selected time steps.
III. RESULTS AND DISCUSSION
A. Gold
The gold results will be presented in four subsections. The first deals with defects outside the liquid core of a cascade, the second with defects in the core, the third with uniform defect distributions, and the last one with high-temperature runs.
Defects outside the liquid core
Results of one simulation with 50 initial vacancies and interstitials are illustrated in Figs. 2 and 3. Figure 2 shows snapshots of the positions of all atoms in the system projected onto the xy plane at 0, 1.5, and 50 ps. At 0 ps, the initial interstitials and lattice relaxation caused by them are visible among the otherwise undisturbed fcc lattice atoms. At 1.5 ps, we see the liquid cascade center and the pressure wave emanating from it. Some of the interstitials can be discerned even through the pressure wave, showing that they are not destroyed by it. At 50 ps, spike effects are no longer visible, and the lattice has relaxed back close to its initial state. Comparison of the 0 and 50 ps figures shows that most interstitials are positioned at roughly the same sites before and after the cascade. In examining the figures, one should keep in mind that when a dumbbell interstitial is oriented along the z axis, it will not be visible when projected on the xy plane.
Our analysis of interstitial movement enabled us to relate initial and final interstitials to each other. In Fig. 3 , the movement of all interstitials which have existed for at least 10 ps ͑this includes all of the final interstitials͒ is shown. Most of the interstitials seen in the figure actually existed throughout the simulation. The open markers indicate the initial positions and the solid ones the final positions. The defects move very little during the simulation, even though they clearly have been exposed to the pressure and heat waves from the cascade. Noteworthy is that the interstitials move slightly inwards on average.
These conclusions were verified by a calculation of the total movement of interstitials with respect to the center of mass of the liquid zone throughout the simulation. The interstitials which remained after the cascade had on average moved inwards 1.0, 1.5, and 1.6 Å in the three cascade events containing preexisting defects. There was, however, a considerable spread in the distribution of the movement: The maximum inwards movement seen in the three events was 10 Å and the maximum outward movement 14 Å. On average, the interstitials outside the liquid region performed about three lattice site jumps. From Fig. 1 we see that the overall effect of the interstitial movement on the defect distribution is quite small.
In the events with 50 initial interstitials and vacancies, about 40-45 interstitial structures remained after the cascade event. A few of the interstitials produced in our simulations formed small clusters, but the majority remained as single dumbbell interstitials. Some of the initially existing interstitials have recombined with vacancies during the event. Because this is more likely to occur close to the cell center, the root-mean-square distance of interstitials from the cell center may actually be larger for the final than the initial defect distribution ͑cf. Table I͒. Vacancies were identified geometrically using WignerSeitz cells; otherwise, the vacancy analysis employed the same principles as those described above for interstitials. The vacancy movement results are illustrated in Fig. 4 . We see that the vacancies outside the liquid region do not move at all or move very little. The average number of lattice site jumps per vacancy was 0.2. This is readily understood in terms of their large migration energy, 0.8 eV. 19 Inspection of animations of the collision cascades showed that most of the interstitial movement occurred when the liquid zone was shrinking in size or had already vanished. To understand the reason for the migration, we calculated temperature and pressure distributions in the cell, which are shown in Figs. 5 and 6. High temperatures are present in the cell for a relatively long period of time after the collision cascade, suggesting this might cause thermal migration of the interstitials. The pressure decreases towards the center of the cell before and after the cascade due to the presence of vacancies near the cell center and the presence of interstitials in the region near the borders ͑see Fig. 6͒ . We believe this contributes to the inward motion of the interstitials.
In the event which had 50 initial interstitials and no vacancies, a similar pressure gradient was seen, which indicates the interstitials are the predominant cause of it. In the cascade event with no initial defects, in which only four interstitials existed after the cascade, no reduction of the pressure towards the center occurred.
To test whether the defect movement could be explained as a thermal migration process, we simulated the same initial defect distribution as in the cascade events but with no cas-cade initiated in the cell. In case the movement of the interstitials is determined solely by the pressure decreasing inwards and the temperature of the cell, interstitial movement similar to the cascade events should be seen.
A 50 ps simulation was carried out with a cell temperature T m equivalent to the temperature in the cascade simulations. We assumed the thermal defect migration probability is proportional to exp(ϪE A /k B T), where E A ϭ0.06 eV. 20 Thus the average migration temperature T m of interstitials is obtained from the temperature of the entire simulation cell as a function of time T casc (t) in the cascade runs, weighted by the migration exponential,
From the average of T m in the three interstitial cascade runs we obtained T m ϭ205 K. We carried out a 50 ps run for a cell which had 50 interstitials and 50 vacancies distributed as in the cascade runs, but now heating it to 205 K from the borders. We obtained similar results to the cascade runs. Due to the distribution of defects in the cell, the pressure decreased inwards. The interstitials existing after the simulation had, on average, moved 0.6 Å inwards. As in the case of the interstitials in the cascade runs, this average movement was relatively small compared to the random movement in the cell. Since the calculation for T m includes the liquid core temperature, the number of jumps per interstitial ͑about 40͒ and amount of clustering seen in the cell were clearly larger than for the defects outside the liquid core in the cascade events. This indicates that the local temperature has a large effect on the interstitial motion.
During the 50 ps run at 205 K, 11 vacancies annihilated with interstitials. Due to their high migration energy, the rest of the vacancies did not move at all from their initial lattice positions.
The qualitatively similar behavior of the defects in this event and the cascade events indicates that the movement of interstitials adjacent to a collision cascade outside the liquid core can be understood as a thermal migration process. The pressure gradient induced by the nonhomogeneous defect distribution appears to slightly bias the random-walk-like movement of the interstitials.
In conclusion, although the pressure wave emanating from a cascade appears to have little effect on preexisting damage, the high temperatures induced by the cascade can cause some defect migration and annealing outside the liquid core of the cascade.
Defects in the liquid core
In the cascade events with spherical defect distributions ͑Au 2-4͒, between 10 and 20 initial vacancies and 0 and 5 initial interstitials were within the region of the cell which was liquid at some point of the cascade evolution. The volume of the liquid core ͑defined as the total volume of unit cells which contained liquid atoms at any time during the simulation͒ was about 4% of the total volume or 4000 atomic volumes.
As shown in Fig. 4 , the vacancies within the liquid core of the cascade cluster near the center of the cell. Similar behavior was seen in the two events where preexisting vacancies were placed near the center of the simulation cell. The clustering in the center shows how the crystal regenerative process favors the production of defect-free fcc lattice on resolidification. Since the central region contains too few atoms to form a perfect lattice, a vacancy cluster remains in the center. This result is similar to the copper cascade results of Kapinos and Bacon, which show clustering and loop formation of vacancies in samples with high initial vacancy concentrations. 14 In the event with no initial vacancies ͑Au 2͒, 12 of the 50 initial interstitials got trapped in the liquid region and formed an interstitial cluster in the center it. This shows that the resolidification kinetics is sufficiently fast to avoid quenching in defects and that the high-pressure gradient in the core of a cascade does not push the interstitials outwards, as might be expected. This is discussed further in Sec. IIIA4.
We also tested the behavior of interstitials near the cascade core. We simulated three 5 keV Au cascade events in which the cell contained 20, 50, and 200 interstitials, placed spherically around the center of the cell using the 10 Åmini-mum distance between defects ͑runs Au 6-8 in Table I͒ . No vacancies were included in the initial cell in these events.
In these cascades, the final cell contained 21, 51, and 201 final interstitials, and a single vacancy in each case. The interstitials formed large clusters in all events, although a few isolated interstitials were seen as well. In reference events where a 5 keV event was simulated in an undisturbed fcc lattice typically around 5 vacancies and interstitials were produced in the cascade. The fact that very few vacancies were seen even in the 20 interstitial event indicates that the presence of preexisting interstitials inhibits the creation of vacancies in a collision cascade; i.e., vacancies and interstitials cannot coexist in the liquid core. Again, interstitial clusters were observed in the center of the cascade.
We also simulated one event ͑run Au 9͒ in which we placed 20 interstitials and 20 vacancies as close to the center of the cell as possible while retaining the 10 Å minimum distance between them. After a 5 keV cascade event there were 5 interstitials and 5 vacancies left in the cell, confirming that damage anneals in the liquid core of the cascade. The surviving interstitials were located far away from the cascade center, whereas 4 of the vacancies were close to the center.
Uniform defect distributions
In the events described above, the final amount of damage was generally reduced by a cascade, but the effect was strongly dependent on the shape of the ͑somewhat artificial͒ initial defect distributions. To provide an estimate of what defect concentration is large enough to cause a reduction of the final number of defects, we simulated a number of events with a uniform defect concentration in the simulation cell ͑the defects were introduced in the cell on random atom sites͒. The numbers of initial and final defects in these events are listed in Table I as events Au 12-15.
For 200ϩ200 and 100ϩ100 initial interstitials and vacancies the number of defects decreases as a result of a 5 keV cascade, whereas for 50ϩ50 initial defects the number increases. Considering only the defect-producing and annealing effect of the 5 keV cascades described above, we obtain that the equilibrium number of defects is of the order of 1ϫ10
Ϫ3 . This result corresponds closely to experiments in which defects were introduced randomly by proton irradiation and subsequently annealed by heavy ion irradiation. 16 In a cascade event ͑run Au 10͒ with a large number of randomly distributed initial interstitials, only one vacancy is created, in good agreement with our earlier observation that interstitials appear to inhibit vacancy production. On the other hand, in run Au 11 which had a large number of initial vacancies, six interstitials were produced, indicating that the opposite is not necessarily true. This reflects the fact that newly produced interstitials are ejected from the liquid and avoid recombination, whereas vacancies are always produced in the liquid.
Damage at 600 K
Since most practical ion irradiations are performed at temperatures much higher than 0 K, we performed a few simulations at 600 K ͑runs Au 16-19͒. The initial defect distributions were the same as in runs Au 2-5. Prior to the initiation of a the cascade, the pressure in the cell was equilibrated to 0 kbar and the atoms were given realistic thermal displacements by performing a 5 ps run at 600 K using a variable cell size and a pressure control algorithm. 25 To check how many defects annihilate due to thermal motion alone, two 50 ps runs were performed at a fixed temperature with no cascade in the cell. Run Au 19 was performed at 600 K and run Au 20 at 670 K ͓the average cascade temperature evaluated using Eq. ͑1͔͒ The 600 and 670 K runs resulted in the annihilation of 13 and 11 defects, respectively.
In the two cascade events with 50 initial vacancies and interstitials, the number of defects after the cascade was about 25 and 27, which is 15-20 less than in the 0 K events. Inspection of animations of the cascades showed that most of the defects vanished in the early part of the cascade, in less than 20 ps. Since thermal migration processes account for only around 10 recombinations of defects, there must be another defect annealing mechanism active. Since the volume of the liquid region was only about 30% larger at 600 K than at 0 K, it cannot have reached very many more interstitials than in the 0 K runs.
The liquid region recrystallized much slower than in the 0 K runs; parts of the liquid remained even after 20 ps, and its maximum volume was slightly bigger. We know from our earlier work that a fcc interstitial jumps about once every 2 ps at 600 K. 43 At the elevated temperatures close to the core of the cascade, the interstitials can be expected to make more than 10 jumps in 20 ps. Thus, at elevated temperatures interstitials on the periphery of the melt zone can migrate to it before it contracts on resolidification. These interstitials recombine with vacancies in the melt, reducing the number of defects.
In the event with 50 initial interstitials and no vacancies, 22 of the interstitials got trapped in the liquid and formed a cluster in its center. Since an interstitial has a high formation energy in the crystal, but essentially none in a liquid, it is unlikely that an interstitial which has entered the liquid leaves it again. With no vacancies in the cell, the interstitials therefore have to move with the liquid to its center, explaining the cluster formation.
At lower temperatures the interstitials move much more slowly and the melt contracts before the interstitials reach it. Since the vacancies are drawn to the center of the cascade, as we have shown above, interstitials and vacancies become well separated: Subsequent motion of the interstitials then allows them to escape without recombination. Recent work by Daulton et al. shows, in fact, that vacancy retention in cascades decreases rapidly with temperatures above about 300°C. 44 The authors say this cannot be explained by dissolution of the vacancy clusters. We believe the mechanism found here can explain their result.
To conclude the gold results, we have identified three damage annealing mechanisms by collision cascades in gold. Interstitial and vacancies can recombine during thermal migration caused by the heating of the crystal by the cascade. Defects captured in the liquid formed by the cascade are likely to be forced into the liquid center during the collapse of the liquid, and recombine or ͑if equal numbers of vacancies and interstitials are not present in the liquid͒ form clusters there. Finally, at increasing temperatures the random motion of interstitials makes them increasingly likely to reach the liquid because of their thermal migration, increasing damage annealing.
We find similar behavior for other fcc metals, presented in Sec. IIIC below. The ␣-iron results of Gao et al. 12 show that the amount of damage in multiple overlapping cascades saturates. For high-energy cascades they offer two explanations for this: defect loss in the cascade core and defect loss due to increased migration induced by the heating of the cell, which are essentially the same mechanisms found by us for lowtemperature cascades in gold. It appears that these damage annealing mechanisms are significant in several different types of metals.
B. Silicon
The silicon results differed dramatically from those in gold. No statistically significant motion of interstitials or vacancies was observed outside the liquid core of the cascade ͑the number of site jumps per defect was less than 0.1͒. We attribute this to the high migration energies of an interstitial and vacancy in Si. Also, the Si cascade cools down much faster than the Au one ͑compare Figs. 5 and 7͒. As in gold, the heat and pressure waves from the cascade do not appear to have any effect on the defects.
The 5 keV cascade run in an undamaged lattice created 84 interstitials and 90 vacancies, counted using the WignerSeitz cell analysis; the structure factor analysis typically gave about 10-20 % smaller numbers of defects. Some of the Wigner-Seitz cells contain more than 2 atoms, explaining why the number of interstitials and vacancies are not equal. The number of atoms with a potential energy more than 0.2 eV higher than that of undisturbed lattice atoms was found to be 910. This agrees well with the results of Díaz de la Rubia and Gilmer, 5 who found about 800 final defect atoms with the same criterion in a 5 keV Si cascade using the StillingerWeber potential. 45 This indicates that the Tersoff and Stillinger-Weber potentials yield similar results in simulations of collision cascades.
The number of defects produced in the runs with initial defects are shown in Table I . We see that a 5 keV cascade in silicon creates roughly 100 interstitials and vacancies, regardless of the initial distribution of point defects in the simulation cell. This is in clear contrast to the results in gold, in which the initial and final number of defects were slightly reduced from the initial number. It is evident that the crystal regeneration effect present in the collapse of the collision cascade in gold is absent in silicon. Furthermore, about 10 of the initial interstitials and vacancies are within the liquid zone of the cascade ͑the total volume of which encompasses about 3% of the cell volume͒. In case the liquid part of the cascade would have an annealing effect on defects in it, the number of new defects produced in a defect cell should be smaller than for an event in a virgin cell. However, the numbers obtained appear to be equal or even larger.
Thus, no sign of an annealing effect in the Si cascades can be seen; instead the preexisting damage, if it has any effect at all, enhances damage production. This is in good agreement with the experimental observation that the fraction of amorphous material can increase superlinearly with dose during ion irradiation. 5, 46, 47 The initial, ''peak of the cascade'' and final atom positions of the event with both initial vacancies and interstitials are shown in Fig. 8 . Analysis of the damage in the events showed that all of the new defects are created in the liquid zone of the cascade region. The damage takes the form of complex clusters and amorphous pockets, similar to those seen in the work of Díaz de la Rubia and Gilmer. 5 As they already have studied the nature of such damage in single cascades in some detail, we do not discuss it here.
C. Copper, aluminum and platinum
Since Cu and Al have the same metallic bonding and fcc crystal structure as gold, but a mass closer to that of Si, the simulations of cascades in Cu and Al enabled us to determine whether the difference in the Si and Au results was due to the mass or crystal structure difference. Similarly, comparison of the gold and platinum results probes the effect of FIG. 8. As Fig. 2 , but for Si. The cascade is clearly less dense and well defined than in gold, and much more damage remains afterwards. the melting point, as gold and platinum have practically the same mass, but the melting points are 1480 K and 1090 K in the EAM formalism. 20 The defect production and annealing results obtained in Cu, Al, and Pt were remarkably similar to the results in Au ͑see Table I͒ . Although the cascades in the two metals, and particularly in Al, were clearly less dense than the cascades in Au, the effect on the number defects was roughly the same. In all runs with 50 initial interstitials and vacancies, the final number of defects varied between 40 and 50.
D. Comparison of metals and silicon
The results presented above have shown that the nature of the damage produced and the effect of a cascade on preexisting damage differ dramatically in fcc metals and in silicon. The metal results were obtained with four different EAM potentials, and the amount of damage produced in our Si simulations carried out with the Tersoff potential agrees well with results obtained using the Stillinger-Weber potential. Therefore, we do not consider it likely that the metal-silicon difference is an artifact of the simulation methods or potentials used. The fcc results are very similar to each other, and so the difference in the results appears to be caused by some fundamental difference between fcc metals on the one hand and silicon on the other.
The melting point of silicon with the present potential is 2300 K, and the melting points of the metals vary between 900 and 1500 K. 20 Since silicon has a higher melting point than the fcc metals, this could explain part of the difference. Figure 9 , however, shows that even though the number of liquid atoms is clearly the lowest in silicon, qualitatively the Si and Cu/Al cooling curves are similar. Also, although the number of liquid atoms in Pt is clearly less than that in Au, due to the large difference in melting points, the number of defects produced and/or annealed in both Au and Pt is very similar.
Damage production and annealing in all the fcc metals appears to be very similar despite their large differences in mass. On the other hand, the difference between the Si and Al results is large despite their negligible difference in mass. This shows that mass differences are not a very significant factor in damage production.
From the above discussion, it appears clear that differences in the melting points and cooling rates do not affect damage production and annealing behavior much in materials with the same crystal structure. We attribute the differences to the crystal structure and bonding type. The closepacked fcc crystal structure strongly favors regeneration into the perfect structure, making it easy to anneal preexisting point defects in the sample. The results of Foreman et al. 13 show that a cascade can separate complex damage like defect loops into smaller damage structures. This effect combined with the point defect annealing mechanisms observed in the present work can, at least qualitatively, explain the experimental observation that damage levels in pure metals saturate during prolonged implantation. 16 The relatively open diamond structure, on the other hand, can incorporate numerous complex defect structures, and silicon can form nontetrahedral covalent bonds which are not too much higher in energy than tetrahedral bonding. 27 This makes defect annealing significantly slower in Si than in the metals and apparently not possible during the short time scales present in cascades.
IV. CONCLUSIONS
In this paper we have studied how a collision cascade affects preexisting damage in solids having different characteristics. At low temperatures, we showed for both gold and silicon that the pressure and heat waves emanating from a collision cascade do not directly cause any significant motion of defects outside the liquid core of the cascade. However, in gold the heating of the crystal due to the cascade does cause some thermal movement of interstitials existing outside the liquid core of the cascade.
In fcc metals, we demonstrated that both interstitials and vacancies are pushed toward the center of the liquid region when the molten region resolidifies. We identified three mechanisms of damage annealing by collision cascades. The thermal movement of interstitials outside the liquid core of the cascade may cause some of them to recombine with vacancies. Defects captured in the liquid formed by the cascade are likely to be forced into the liquid center during the collapse of the liquid and recombine there. At high temperatures the random motion of interstitials makes them likely to reach the liquid zone of a cascade, increasing the number of defects captured and recombining in the melt. In cases where the defect numbers in the liquid are not equal, the latter two processes result in clustering of residual defects in the center of the molten region.
The damage annealing mechanisms identified in this study were used to explain experimental data on damage produced during ion irradiation.
For silicon, we found that the amount of new damage produced in a cascade is the same or somewhat increased in samples with preexisting point defects as in undamaged samples. The damage produced was of a complex nature, and produced exclusively in or adjacent to the core of the cascade.
From a comparison of results in the fcc metals Al, Cu, Pt, and Au, and the results in the diamond-structured Si, we attributed the difference in damage production in the two kinds of solids to be due to the nature of bonding.
